Background In total joint arthroplasty (TJA), vancomycin is used as perioperative antibiotic prophylaxis in patients with penicillin allergy or in patients colonized with methicillin-resistant Staphylococcus aureus (MRSA). Although vancomycin dosing should be weight-based (15 mg/kg), not all surgeons are aware of this; a fixed 1-g dose is instead frequently administered. Questions/purposes (1) Is there a difference in the risk of periprosthetic joint infection (PJI) in patients receiving vancomycin or cefazolin prophylaxis after primary TJA? (2) What proportion of patients is adequately dosed with vancomycin? (3) Compared with actual fixed dosing, does weight-based dosing result in a greater proportion of patients staying above the recommended 15-mg/L level at the beginning and end of surgery? (4) Are patients overdosed with vancomycin at greater risk of developing nephrotoxicity and acute kidney injury? Methods A single-institution, retrospective study was performed on 1828 patients undergoing primary TJAs who received vancomycin prophylaxis between 2008 and 2014. During the same period, 5810 patients underwent primary TJA and received cefazolin monotherapy. A chart review was performed to obtain patient characteristics, antibiotic dose and timing of administration, and microbiology data. Adequate vancomycin dosing was defined as 15 mg/kg and within the 125-mg range. Vancomycin levels were calculated at the beginning and end of surgery using pharmacokinetic equations. Levels of 15 mg/L were considered adequate. Logistic regression, chi square tests, and analysis of variance were performed.
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Introduction
Administration of perioperative prophylaxis is believed to be one of the most important strategies for prevention of periprosthetic joint infection (PJI) [1, 27] . The most appropriate perioperative antibiotic prophylaxis for patients undergoing total joint arthroplasty (TJA) is a firstor second-generation cephalosporin or penicillin [12] . However, in patients with penicillin allergy, first-and second-generation cephalosporins are often avoided because of a potential for crossreactivity. In these patients vancomycin and clindamycin are used as alternative perioperative prophylaxis. Furthermore, vancomycin is the preferred antibiotic for patients who are proven or potential carriers of methicillin-resistant Staphylococcus aureus (MRSA) [12] .
The majority of antibiotics administered to patients undergoing surgery needs to be administered based on a weight-based dose [18, 19] . The goal of dosing is to achieve a safe and effective tissue concentration of drug that sufficiently exceeds the concentration needed to inhibit the growth of most colonizing skin flora at the time of surgical incision [24] . The current recommendation for vancomycin is a dose of 15 mg/kg [4, 14] . Because of the increasing prevalence of obesity in the United States [11] , coupled with the increasing resistance of MRSA (increasing minimum inhibitory concentration) to vancomycin [17] , and the lack of awareness of surgeons regarding weight-based administration, it is believed that the majority of patients undergoing elective arthroplasty may be inadequately dosed. Adequate dosing of perioperative antibiotics becomes more pertinent in overweight and obese patients, who are more prone to be underdosed and are at a higher risk for PJI in the first instance [18, 25] . Although antibiotic underdosing can theoretically result in a higher rate of infection as a result of inadequate serum and tissue levels of the antibiotic, overdosing is also an issue because it carries the potential for drug toxicity [5, 16, 23, 29] .
As far as we are aware, the issue of dosing of vancomycin in patients undergoing TJA has not been explored. This study was set up to determine the incidence of PJI in patients undergoing TJA who received cefazolin only versus those who received vancomycin only as the perioperative prophylaxis. Although it is known that vancomycin does not have coverage against Gram-negative organisms [12, 30] and has been shown to have a higher risk of surgical site infections [21, 30] , it is unknown whether patients who receive vancomycin as their sole prophylactic agent have a higher rate of PJI compared with those receiving cefazolin.
We therefore asked: (1) Is there a difference in the risk of PJI in patients receiving vancomycin or cefazolin prophylaxis after primary TJA? (2) What proportion of patients is adequately dosed with vancomycin? (3) Compared with actual fixed dosing, does weight-based dosing result in a greater proportion of patients staying above the recommended 15-mg/L level at the beginning and end of surgery? (4) Are patients overdosed with vancomycin at greater risk of developing nephrotoxicity and acute kidney injury?
Materials and Methods
A retrospective study was performed at a single institution on patients undergoing primary TJA between 2006 and 2014. Our joint arthroplasty that was set up in 2000 contains 30,597 patients undergoing primary TJA. However, information on antibiotic prophylaxis is not available on 10,952 patients who received their surgery before 2005 and were excluded leaving 19,645 patients. We then excluded 15,850 patients for having nonvancomycin antibiotics administered, leaving 3795 patients. We excluded 1948 patients who did not receive monotherapy vancomycin, leaving 1847 patients in our final cohort. We further excluded 19 patients who were missing various demographic data to calculate pharmacokinetic information. The final cohort consisted of 1828 patients who received vancomycin monotherapy for perioperative prophylaxis and underwent 958 THAs (52%) and 870 TKAs (48%). There were 1222 women (67%) and 606 men (33%) with an average body mass index of 30 kg/m 2 and 30 kg/m 2 , respectively. Among the patients receiving vancomycin, 78.3% (1431 of 1828), received vancomycin for a penicillin allergy or intolerance and the remainder received vancomycin because of having a history of MRSA infections or potentially being a MRSA carrier such as those from nursing homes and healthcare workers. In patients with a reported allergy or intolerance to penicillin, vancomycin was used regardless of the severity and nature of the prior reaction and subsequent likelihood of developing a true anaphylactic reaction. Patients receiving multiple joint replacements at different time points were included on each occasion. The dose and time of administration of vancomycin in these patients were extracted using our electronic medical records that are completed by the anesthesia team for every patient. Our institutional protocol is to administer vancomycin over 1 to 2 hours of infusion, aiming to initiate administration before skin incision. Staphylococcus aureus screening and decolonization were not routinely performed during the study period.
Using the revised dosing protocol of 15 mg/kg of body weight for vancomycin, proper dosage was calculated for each patient. These values were then compared with the dose given to the patients at the time of surgery. All calculated total doses were rounded to the closest 250 mg. Patients were stratified using the weight-based dosing protocol (15 mg/kg) into the following categories: adequately dosed (administered dose of 15 mg/kg ± 125-mg range), underdosed (\ 15 mg/kg À 125 mg), or overdosed (greater than the sum of 15 mg/kg + 125 mg).
An electronic query and chart review were performed to obtain the dose and the time of administration of vancomycin to each patient, microbiology data, joint involved including laterality, body mass index (BMI), operative time, time to incision from administration of vancomycin, Charlson comorbidities [10] , and complications including PJI and drug toxicity. Patients' gender, height, weight, and serum creatinine were utilized in the pharmacokinetic analysis. Patients with PJI were determined from a crossreference of a prospectively maintained institutional PJI database at our institution. This was followed by manual chart review to confirm PJI based on the Musculoskeletal Infection Society criteria [20] . We defined PJI in patients who received multiple joint arthroplasties as the same joint that was infected. International Classification of Diseases, 9th Revision (ICD-9) codes were electronically queried for nephrotoxicity (583.9, 583.89, 580.9, 580.89, 580.4, 584.*), ototoxicity (960.
We calculated expected vancomycin levels in blood based on pharmacokinetic equations (Table 1) for both the actual dose given and the hypothetical weight-based dose with the goal of achieving the recommended 15-mg/L serum level. For the entire vancomycin cohort of primary and revision TJAs, the mean vancomycin dose, clearance, and half-life were 1.02 g, 5.35 L/h, and 8.64 hours, respectively. The mean time for starting vancomycin before incision was 35 minutes.
To serve as a concurrent control for the vancomycin group, the PJI rate among patients undergoing primary TJAs who received cefazolin monotherapy was obtained from the same time period. This was also performed by querying the electronic medical record for patients who underwent primary TJA who were administered cefazolin monoprophylaxis. There were 5810 patients who received cefazolin monotherapy during the same period. All patients receiving cefazolin monoprophylaxis received a dose of 2 g of the antibiotic based on a long-established protocol at our institution.
All statistical analyses were performed with MedCalc Statistical Software Version 14.8.1 (Ostend, Belgium). Differences between cefazolin and vancomycin groups were analyzed with chi-square analysis as well as logistic regression analysis to account for confounders. Differences among the three vancomycin dose cohorts were assessed using chi-square analyses and three-way analysis of variance. An a level of 0.05 was used to determine statistical significance. Table 3 ). Of the 20 PJIs in the underdosed cohort, two (10%) were the result of MRSA; none of the PJIs in the adequately dosed vancomycin group or overdosed vancomycin group was the result of methicillin-resistant organisms. Of the two cases in the underdosed group that were caused by MRSA, one patient had a remote history of MRSA infection and the other had a penicillin allergy as the reasons for receiving vancomycin prophylaxis.
Results

Among primary
Of the 1828 procedures in which vancomycin monotherapy was used (958 hips and 870 knees), 1130 (62%) were underdosed, 518 (28%) were adequately dosed, and 180 (10%) were overdosed according to the weightbased dosage recommendation from recent clinical guidelines. Furthermore, 1726 of 1828 (94%) patients receiving vancomycin were given a fixed 1-g dose with 1105 of 1726 (64%) of those patients being underdosed. Patients who were underdosed had higher BMIs (33 ± 5 kg/m 2 ) compared with those adequately dosed (26 ± 4 kg/m 2 ), and patients overdosed had lower BMIs (23 ± 5 kg/m 2 , p \ 0.001; (Fig. 1) .
Between the vancomycin dosage groups, there were no differences in the rate of nephrotoxicity (underdosed: 12 of Table 1 . Pharmacokinetic equations used to determine vancomycin peak levels at the start of the procedure and at the end Adapted and slightly modified from Catanzano et al. [9] ; *used minimum serum creatinine of 1 mg/dL if age [ 65 years; dose = actual vancomycin dose given to the patient or calculated weight-based dose (15 mg/kg 9 DW, rounded to the nearest 250 mg); IBW = ideal body weight; Scr = serum creatinine; DW = dosing weight (total actual body weight in kg); Ke = elimination rate constant; T = operative time in hours. Table 3 ). There were no instances of ototoxicity and two patients who experienced allergic reactions in the entire cohort.
Discussion
Vancomycin often is used as an alternative antibiotic prophylaxis for patients with penicillin allergy because of the fear of crossreactivity with cephalosporins. In addition, vancomycin may be given to patients with confirmed or (10) 3.33% (6) 0.561 PJI = periprosthetic joint infection; ICD-9 = International Classification of Diseases, 9th Revision; AKI = acute kidney injury; Cr = creatinine. Reprinted with permission by University of Iowa Hospitals and Clinics from Catanzano et al. [9] .
Volume 475, Number 7, July 2017 Vancomycin Dosing and PJI Rate in Elective TJA 1771 suspected MRSA carriage. Although traditionally 1 g vancomycin was considered to be adequate prophylaxis, recent clinical guidelines recommend that administration of vancomycin should be weight-based with 15 mg/kg as the appropriate dose [2, 7] . This study was specifically conceived to examine the rate of compliance with the latter recommendation.
The findings of this study should be examined in light of some limitations that existed. The most salient of these limitations is that although our sample size is relatively high, we were likely underpowered to evaluate events with a low rate such as PJI and ototoxicity among the three vancomycin dosing groups. Additionally, this study is retrospective in nature and thus is subject to inherent biases. Furthermore, the detection of complications such as ototoxicity and nephrotoxicity primarily relied on ICD-9 codes, being prone to coding errors. For the acute kidney injury metric, we had an average of two postoperative creatinine values per patient because length of stay is often 1 to 2 days postoperatively for a TJA at our institution; thus, an acute kidney injury may have been missed if it occurred outside of the hospital stay. However, our prospective database on patients undergoing TJA contains data on readmissions of patients for any reason and we are confident that not many, if any, patients with acute kidney injury were missed in this study. In addition, vancomycin toxicity occurs within a few days of administration [22, 32] and we believe patients with acute kidney injury would have had a longer hospital stay. The rate of vancomycin nephrotoxicity in this cohort was low because the majority of the patients in the study were underdosed. Additionally, the three dosing cohorts were different in terms of their demographics; we could not control for BMI among these cohorts because this is an inherent limitation in this study. This is because the majority of surgeons used fixed dosing and administered 1 g vancomycin; thus, the categorization of patients into the three dosing groups is dependent on their weight. Lastly, it should be noted that as a result of the large sample size evaluated to assess a relatively infrequent endpoint, we do not have followup information and it is thus plausible that the followup of both cohorts is different. Although this may influence the results of this study, there have been no institutional differences during the course of the study that affect which patients are to receive vancomycin versus cefazolin.
To date, this is the first study to directly compare and demonstrate a difference in PJI rate between patients receiving vancomycin-only and cefazolin-only prophylaxis, even after adjusting for confounding variables. The prior literature contains conflicting results when comparing the two groups and has mainly focused on surgical site infections (SSIs) rather than PJI. In a study of 18,830 primary TJAs utilizing the Veterans Affairs database, Ponce et al. [21] found that the SSI rate was higher in patients who received vancomycin as the sole prophylactic agent compared with cefazolin (2.6% versus 1.3%). The main reason for this observation is that unlike cephalosporins, which have some Gram-negative coverage, vancomycin has no coverage against Gram-negative organisms [12, 30] . One study by Tan et al. [30] demonstrated that administration of vancomycin as a sole agent for patients undergoing TJA resulted in a higher rate of Gram-negative deep SSI (odds ratio, 2.42), perhaps highlighting the issue regarding lack of coverage against some pathogens. Another study by Tyllianakis et al. [31] demonstrated no difference in the SSI rate between patients receiving cefuroxime (six of 188) and those receiving vancomycin (six of 129) in a prospective randomized study. Sewick et al. [26] compared dual antibiotics (vancomycin and cefazolin) with cefazolin monotherapy and found no difference in the SSI rate (1.1% versus 1.4%, p = 0.64). Furthermore, a study by Smith et al. [28] reviewed a series of 5036 primary TJAs and found that transitioning from cefazolin to vancomycin resulted in a reduction of PJI from 1% to 0.5%; however, unlike our study, the authors of the last study did not conduct a multivariate analysis to account for patient factors such as comorbidities and also for other infection prevention strategies that they had implemented at the same time period. Nearly two-thirds of the patients at our institution did not receive the recommended weightbased dose of vancomycin when undergoing TJA. Although the rate of PJI was not different among the three vancomycin dose groups, we found that both PJIs developed in the underdosed group were caused by MRSA. None of the patients with adequate dosing developed PJI by MRSA. The issue of underdosing becomes even more important when one considers the fact that the majority of patients not receiving an adequate dose of vancomycin were obese and those overdosed were likely to be underweight patients. Obese patients are at higher risk of PJI in the first instance [15, 25] and depriving them of adequate perioperative antibiotic prophylaxis may have an additional adverse effect on the rate of PJI. It is also possible that the signal of increased PJI observed in obese patients may in part be a result of inadequate perioperative antibiotics.
When examining the hypothetical scenario of weightbased dosing, vancomycin levels at the time of incision and at the end of the procedure were much more likely to be higher than the recommended 15 mg/L compared with the actual doses that the patients were given in this cohort. Catanzano et al. demonstrated a similar disparity between weight-based dosing and actual dosing of vancomycin in which the calculated vancomycin level at the end of procedure was \ 15 mg/L in 60% of patients with a 1-g dose compared with 12% with a weight-based dose [9] . Thus, if weight-based dosing was implemented, we would expect adequate serum levels of vancomycin throughout surgery from incision to closure.
This study did not find a difference in the known adverse effects of vancomycin, namely ototoxicity and nephrotoxicity. Nephrotoxicity (assessed by ICD-9 codes) and acute kidney injury (based on serum creatinine level elevations) were infrequent events throughout all dosing groups.
The collective findings of this study as well as prior studies bring to life the issue that true challenges exist when vancomycin is used as the sole perioperative prophylaxis. It is our belief that administration of vancomycin as a perioperative prophylaxis should be seriously limited. The International Consensus on PJI recommends that patients with nonanaphylactic penicillin allergy can safely receive a first-or second-generation cefazolin [12] . The relatively high rate of crossreactivity of cephalosporins with penicillins that traditionally was believed to be approximately 10% has been questioned recently with multiple studies estimating that up to 90% of patients reporting an allergy are actually able to tolerate penicillin and its derivatives; thus, true crossreactivity has been demonstrated to be as low as 1% [6, 8, 13] . Some authorities believe that cephalosporins can be given to those with anaphylactic penicillin allergy safely in a controlled environment like the operating room [3] . If the latter is not deemed to be appropriate, surgeons electing to administer perioperative vancomycin to patients undergoing TJA should consider the addition of a second agent such as aminoglycosides to supplement the coverage against Gram-negative and other pathogens.
Underdosing of vancomycin is common and more attention to the weight-based dosing of the drug should be given. The latter is especially pertinent because the rate of PJI is higher in patients receiving vancomycin compared with those receiving cefazolin. The findings of the study have provided an impetus for us to limit the use of vancomycin as the sole prophylaxis in patients undergoing TJA. We now administer cephalosporins to the majority of patients with penicillin allergy and have not so far noted any serious crossreactivity issues. The use of vancomycin should be limited to those who are proven or potential carriers of MRSA. When administered, vancomycin should be adequately dosed and combined with a cephalosporin or another antibiotic that has broader pathogen coverage.
